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92 The Journal of Thoracic and Cardiobjectives: Cross-sectional studies of intermediate-term survivors of infant cardiac
urgery have revealed a high frequency of neurodevelopmental disabilities. Few
ata exist regarding neurodevelopmental outcome of infants undergoing surgical
ntervention for a ventricular septal defect. The purpose of this study was to evaluate
he neurodevelopmental outcome at 1 year of age of children who had surgical
epair in infancy of a ventricular septal defect or a ventricular septal defect with
ortic arch obstruction.
ethods: Children who underwent repair of a ventricular septal defect or single-
tage repair of a ventricular septal defect with aortic arch obstruction at less than 6
onths of age were assessed at 1 year of age by using the Bayley Scales of Infant
evelopment II, which yields the Mental Development Index and the Psychomotor
evelopment Index, both with an expected mean of 100  15.
esults: At 1 year, 55 patients (ventricular septal defect alone  36; ventricular
eptal defect with aortic arch obstruction  19) returned for evaluation. The mean
ental Development Index was 92.6  11.7, with 3 (5%) patients scoring 70 or
ess. The mean Psychomotor Development Index was 86.1  16.4, with 10 (18%)
atients scoring 70 or less. Patients with a suspected or confirmed genetic syndrome
ad both a lower Mental Development Index score (P  .011) and a lower
sychomotor Development Index score (P .001). Mental Development Index and
sychomotor Development Index were independent of anatomic (specifically aortic
rch obstruction) and intraoperative factors (specifically deep hypothermic circula-
ory arrest).
onclusions: Neurodevelopmental outcome at 1 year of age was within the normal
imits for most patients who underwent repair of a ventricular septal defect or a
entricular septal defect with aortic arch obstruction during infancy.
entricular septal defects (VSDs) are one of the most common forms of
congenital heart disease. Surgical intervention has long been the standard of
care for hemodynamically significant lesions. Over the past 2 decades,
mprovements in surgical techniques and intensive care management have reduced
ostoperative mortality after VSD repair to minimal levels.1 Despite this history of
uccess, little is known about the morbidity experienced by these children. Recent
ross-sectional studies of intermediate-term survivors of infant cardiac surgery have
evealed a high frequency of neurodevelopmental disabilities.2-4 However, no
tudies have specifically evaluated neurodevelopmental outcome of children who
ave undergone infant surgery for a VSD or a VSD with aortic arch obstruction. It
s important to evaluate predictors of outcome so that support resources can be
argeted to those at highest risk of neurodevelopmental disability.
vascular Surgery ● April 2006
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DImportant obstruction to systemic blood flow, either co-
rctation of the aorta or interruption of the aortic arch,
oexists in a minority of patients with a VSD. However,
rch obstruction carries significant implications for the child
ith a VSD because early circulatory collapse can occur in
ostnatally diagnosed patients in whom the ductus arterio-
us closes, prostaglandin and other intensive care support
ight be necessary, and surgical intervention is required in
he newborn period, rather than semielectively in later in-
ancy. There remains some controversy regarding the opti-
al surgical approach, with some centers recommending
imultaneous repair of the arch obstruction and VSD,
hereas others recommend a lateral thoracotomy to repair
he arch (with or without a pulmonary artery band), with
losure of the VSD later in infancy. Although surgical
ortality after single-stage repair has been shown to be
cceptable,5 no study has evaluated neurodevelopmental
utcome after single-stage repair, and there is little in the
iterature reporting the neurodevelopmental outcome of
hildren with isolated VSDs.
The purpose of this study was to describe the neurode-
elopmental outcome at 1 year of age in children who had
urgical repair of a VSD or single-stage repair of a VSD
ith aortic arch obstruction during infancy and to identify
otential determinants of this outcome.
ethods
his study constitutes a post-hoc analysis of a prospective trial
ssessing the effects of genetic polymorphisms on neurodevelop-
ental disabilities.6 The local institutional review board approved
he study. Informed consent was obtained from the parents or legal
uardians.
atient Population
atients less than 6 months of age who were undergoing cardio-
ulmonary bypass for repair of a VSD or a VSD with aortic arch
bstruction (coarctation or interrupted aortic arch) were eligible.
xclusion criteria at the time of surgical intervention included (1)
ultiple congenital anomalies, (2) recognizable genetic or pheno-
ypic syndrome at birth (other than chromosome 22q11 microde-
etions), and (3) language other than English spoken in the home.
Five surgeons, with a dedicated team of cardiac anesthesiolo-
ists, performed the operations. Alpha-stat blood gas management
as used. Deep hypothermic circulatory arrest (DHCA) was used
t the discretion of the surgeon. Before DHCA, patients underwent
Abbreviations and Acronyms
DHCA  deep hypothermic circulatory arrest
d-TGA d-transposition of the great arteries
MDI Mental Development Index
PDI  Psychomotor Development Index
VSD  ventricular septal defectore cooling with topical hypothermia to a nasopharyngeal tem- g
The Journal of Thoracicerature of 18°C. Modified ultrafiltration was performed in all
atients.
eurodevelopmental Examination
he protocol for the neurodevelopmental examination has been
reviously described.6 Briefly, children were evaluated at 12
onths of age  2 weeks, adjusted for prematurity. Development
as assessed by using the Bayley Scales of Infant Development II,
hich yields scores in 2 areas. The Psychomotor Development
ndex (PDI) assesses control of gross motor function, fine motor
kills, use of writing instruments, and imitation of hand move-
ents. The Mental Development Index (MDI) evaluates memory,
roblem solving, early number concepts, generalization, vocaliza-
ions, and language and social skills. Both the PDI and MDI yield
standard score. The mean is 100, with a standard deviation of 15.
herefore a score of 70 or less is greater than 2 standard deviations
elow the mean. Evaluation also included a medical history,
rowth measurements, and detailed neurologic examination. The
eurologic examination assessed active and passive tone, reflexes,
ross motor skills, and visual and auditory responses. The results
f the neurologic examination were classified as normal if no
bnormalities or only mild abnormalities that did not affect motor
kills were found, suspect when there was a moderate degree of
bnormality, and abnormal when functionally significant abnor-
alities of tone, reflexes, or motor skills were present. Microceph-
ly was defined as a head circumference less than or equal to the
th percentile for age. A genetic dysmorphologist evaluated the
hysical findings of every patient. Chromosome analysis and test-
ng for microdeletions of chromosome 22q11 were performed as
ndicated. Results of the genetic evaluations were classified as
ormal, abnormal if a specific diagnosis was confirmed, or suspect
f evidence of a genetic syndrome was present but confirmation
as not possible. Because recognition of genetic syndromes in
eonates can be difficult, some children with genetic abnormalities
ad been enrolled as infants. The genetic dysmorphologist was
linded to the findings of the developmental testing.
tatistical Analysis
ontinuous data are expressed as means  standard deviation
range). Discrete data are expressed as proportions. Independent t
ests were used for comparison of continuous variables. Fisher
xact and 2 tests were used for comparison of discrete variables
s appropriate. Linear regression was used to assess associations
etween risk factors and MDI and PDI outcomes. Potential pre-
ictors included gestational age, ethnicity, socioeconomic status as
etermined by parental reporting, birth weight, birth length, birth
ead circumference, Apgar score at 1 and 5 minutes, preoperative
ntubation and prostaglandin use, aortic arch obstruction, presence
f a confirmed or suspected genetic syndrome, apolipoprotein E
olymorphism, age and weight at surgical intervention, total sup-
ort time (duration of cardiopulmonary bypass and DHCA), num-
er of bypass runs, and use of DHCA. Ethnic classification was
sed as a single categoric variable with 5 levels in the univariate
nalysis and was divided into 5 binary variables for the multivar-
ate analysis. Because the presence of a confirmed or suspected
enetic syndrome was such a strong univariate predictor of devel-
pmental score, the cohort was divided on the basis of whether a
enetic syndrome was detected. Separate multivariable analyses
and Cardiovascular Surgery ● Volume 131, Number 4 793
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Dere performed on each of these groups. Univariate predictors that
ere marginally significant at a P value of less than .10 were then
valuated by using multivariable linear regression models.
esults
etween October 6, 1998, and March 24, 2003, 106 eligible
atients underwent surgical intervention for a VSD or a
SD with aortic arch obstruction. A total of 85 (80%)
atients were enrolled. There was no hospital mortality. One
1.2%) patient died after hospital discharge before 1 year of
ge. Of the 84 potential patients, 55 (65%) returned for the
-year evaluation and constitute the study population.
The baseline characteristics and intraoperative statistics
f the study group are detailed in Table 1. In addition to the
SD, 19 (35%) patients (coarctation of the aorta, n  14;
nterrupted aortic arch, n  5) in the study group also had
ortic arch obstruction. Twenty-eight (51%) patients in the
tudy group received DHCA during their operations. Two
atients in the study group had one additional operation
equiring cardiopulmonary bypass. There was no statisti-
ally significant difference in baseline and intraoperative
tatistics between the study group and those enrolled pa-
ients who did not return for neurodevelopmental testing
Table 1). However, there was a trend toward longer total
upport time and total cardiopulmonary bypass time for the
onreturning patients.
At the time of neurodevelopmental testing, the mean age
f the study group was 12.4 0.5 months (range, 11.6-13.9
onths). The mean weight was 9.5  1.3 kg (range, 7.0-
3.9 kg; percentile for age, 40.4 29.4), and the mean head
ircumference was 46.0  1.9 cm (range, 41.0-50.2 cm;
ABLE 1. Baseline characteristics and intraoperative stati
eturn for neurodevelopmental testing
Stu
(n
aseline characteristics
Gestational age, wk 38.
Birth weight, kg 3.
Head circumference, cm 33.
Microcephaly (head circumference 5%), n 10
Preoperative intubation, n 6
Preoperative prostaglandin, n 15
Aortic arch obstruction, n 19
perative data
Age at operation, mo 2.
Weight at operation, kg 4.
Total support time, min 73.
Total cardiopulmonary bypass time, min 53.
Use of DHCA, n 28
Total DHCA time, min 38.
HCA, Deep hypothermic circulatory arrest.ercentile for age, 46.2  32.8). Ten (18%) patients had t
94 The Journal of Thoracic and Cardiovascular Surgery ● Apriicrocephaly at the time of testing. Of these 10 patients, 4
40%) had microcephaly at birth. At the time of testing, 19
35%) patients in the study group had a confirmed or sus-
ected genetic syndrome. Six of these patients had a 22q11
icrodeletion, 3 patients had undefined dysmorphic fea-
ures, 1 patient was suspected of having tuberous sclerosis,
nd 9 patients were suspected of having a chromosomal
bnormality (including, for example, 22q11 microdeletion
nd Turner’s syndrome), with chromosomal and telomere
nalysis incomplete at the time of study termination. Of the
0 patients with microcephaly at the time of testing, 8 (80%)
ad a confirmed or suspected genetic syndrome.
Six (11%) patients had an abnormal neuromuscular ex-
mination, and 5 (9%) had a suspect examination. Varying
egrees of hypotonia accounted for all abnormalities on the
eurologic examination. Of these 11 patients, 9 (82%) had
confirmed or suspected genetic syndrome, and 5 (45%)
ad microcephaly.
For the entire study group, the mean MDI score was
2.6  11.7 (range, 56-117), with 3 (5%) patients scoring
0 or less (Figure 1). The mean PDI score was 86.1  16.4
range, 50-121), with 10 (18%) patients scoring 70 or less
Figure 1). The MDI and PDI scores were significantly
ower in patients with a known or suspected genetic syn-
rome compared with scores in those without (MDI score:
6.2  14.5 vs 96.1  8.1, P  .011; PDI score: 76.6 
8.3 vs 91.2  12.9, P  .001; Figures 1 and 2).
The frequency of use (95% vs 28%, P   .001) and
uration (45.0  22.3 vs 26.7  13.8 minutes, P  .027) of
HCA were greater in those patients with aortic arch obstruc-
of the study group and the enrolled patients who did not
up
5)
Enrolled patients who did
not return (n  29) P value
.0 38.7 2.7 .580
.7 3.0  0.7 .664
.0 33.2 2.5 .620
) 6 (21%) .320
) 6 (21%) .090
) 9 (31%) .301
) 13 (45%) .356
.7 2.2  2.0 .801
.2 3.9  0.9 .334
0.9 91.8 75.9 .143
6.5 71.3 69.6 .192
) 15 (52%) .943
1.4 39.6 24.8 .876stics
dy gro
 5
4 2
1 0
5 2
(18%
(11%
(27%
(35%
1 1
1 1
0 4
4 2
(51%
5 2ion compared with in those without. However, the MDI and
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DDI scores were not significantly different between patients
ith arch obstruction and those without (MDI score: 93.4 
.3 [with] vs 92.2  13.9 [without], P  .680; PDI score:
9.8  16.8 [with] vs 84.1  16.1 [without], P  .226)
Figure 3).
For the group of patients without a genetic syndrome, there
as no significant multivariate predictor of MDI or PDI scores.
or the group of patients with a suspected or confirmed genetic
yndrome, as determined by means of multivariable analysis,
here was no significant predictor of MDI score, and only
ower birth weight predicted lower PDI score (P  .025).
o other patient-related factors, including socioeconomic
tatus and apolipoprotein E genotype, or intraoperative fac-
ors, including cardiopulmonary bypass and circulatory ar-
est times, were significant predictors of neurodevelopmen-
al outcome for either cohort.
iscussion
his study demonstrates that neurodevelopmental outcome
0
2
4
6
8
10
12
14
16
18
20
<70 70-79 80-89 90-99 100
MDI
N
u
m
b
er
 o
f 
p
at
ie
n
ts
0
2
4
6
8
10
12
14
16
18
20
<70 70-79 80-89 90-99 100
PDI
N
u
m
b
e
r 
o
f p
a
ti
en
ts
Normal genetic evaluation Abnormal/suspect genet 1 year of age was within the normal limits for most o
The Journal of Thoracicatients who underwent repair of a VSD or a VSD with
ortic arch obstruction during infancy. Patients with a
nown or suspected genetic syndrome had worse outcome
han those without genetic abnormalities. In multivariate
redictive models lower birth weight predicted lower PDI
cores in those patients with a genetic syndrome. In addition,
DI and PDI scores were independent of anatomic (specifi-
ally aortic arch obstruction) and intraoperative (specifically
se or duration of DHCA) factors. It should be noted that the
tudy cohort as a whole and even those without a genetic
yndrome scored slightly worse on the PDI score compared
ith the MDI score in relation to the population mean.
owever, the majority (82%) of the cohort was within 2
tandard deviations of the mean for a normal population.
Despite the more complex anatomy and surgical repair in
atients with a VSD and coexisting arch obstruction, we
ould determine no difference in outcome at 1 year of age.
his was a surprising finding because patients with coex-
sting arch obstruction have risk factors previously shown in
110-199
110-199
luation
Figure 1. Range of Mental Development Index
(MDI) and Psychomotor Development Index
(PDI) scores of the Bayley Scales of Infant
Development II for the patient cohort divided
by results of the genetic evaluation.-109
-109
tic evather lesions to adversely affect neurodevelopmental out-
and Cardiovascular Surgery ● Volume 131, Number 4 795
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Domes, including abnormal fetal cerebral vascular resis-
ance,7 preoperative hemodynamic instability, exposure to
ardiopulmonary bypass and DHCA in the neonatal period,8
nd a longer postoperative stay in the intensive care unit.9 In
ddition, patients with a VSD and an interrupted aortic arch
seYoN
Presence of Genetic Syndrome
50
60
70
80
90
100
110
120
P
D
I
seYoN
Presence of Genetic Syndrome
50
60
70
80
90
100
110
120
M
D
I
p = 0.011
p = 0.001
igure 2. Mental Development Index (MDI) and Psychomotor De-
elopment Index (PDI) scores for patients with and without the
resence of a confirmed or suspected genetic syndrome.ave a higher incidence of 22q11 deletion than those with 2
96 The Journal of Thoracic and Cardiovascular Surgery ● Aprisolated VSD.10 The findings of the current report support the
trategy of early complete repair of VSD with arch obstruc-
ion.5,11-13 Previous studies have suggested that patients un-
ergoing the 2-stage approach have lower mortality.11 How-
ver, our group and others have recently shown excellent
perative results after single-stage repair.5,13 An important
onsideration of the single-stage approach is that the patient
ight be exposed to DHCA in the neonatal period, with
otentially deleterious effects on neurocognitive develop-
ent. This study demonstrates that despite being exposed
ore frequently to DHCA and to longer durations of
HCA, the patients undergoing aortic arch repair and VSD
losure had 1-year neurodevelopmental outcomes similar to
hose of patients who underwent VSD closure alone as
nfants.
With the improved success of surgical intervention in
atients with congenital heart disease, the research focus has
hifted to understanding long-term morbidity, including
eurodevelopmental outcome. Many of these studies have
ocused on outcome after surgical intervention for complex
ongenital heart disease, such as d-transposition of the great
rteries (d-TGA)2,14,15 and hypoplastic left heart syn-
rome.3 Others have followed cohorts of patients in which
arious anatomic subtypes of heart disease have been
rouped together.4,16,17 Little is specifically known about
eurodevelopmental outcome after surgical intervention for
VSD, despite the fact that VSDs are the most common
ongenital heart defect and one of the most common indi-
ations for surgical intervention.
Two studies have described neurodevelopmental out-
ome after surgical intervention for a VSD, although not as
he primary goal of the study. Hesz and Clark18 compared
he cognitive development of children after the atrial switch
peration for d-TGA with that of children who had under-
one VSD repair (n  8) and with that of healthy siblings.
hey showed that the children with VSDs scored higher on
cademic achievement and intelligence tests than those with
-TGA. The authors speculated that the cause of the devel-
pmental delay in the patients with TGA is related to
ecreased cardiac reserve, chronic hypoxemia, and parental
estrictions on their debilitated child’s activities. Bellinger
nd colleagues19 compared preschool developmental out-
ome after randomization with different pH management
trategies during deep hypothermic cardiopulmonary bypass
urgery for congenital heart disease in infancy. The authors
eported a significantly worse MDI outcome for the sub-
roup of patients with a VSD (and common atrioventricular
anal, n  16) compared with that in patients with d-TGA.
atients with specific congenital anomalies and known ge-
etic syndromes were excluded; however, formal genetic
valuation was not performed. The discrepancy in outcome
as speculated to result from the chance occurrence of
2q11 microdeletion in the VSD subgroup. Both of these
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Dtudies were limited by small sample size in the VSD
ubgroup.
Even after exclusion of children who had identifiable
enetic syndromes at the time of surgical intervention, the
ost important predictor of neurodevelopmental outcome in
his study was the presence of a confirmed or suspected
seYoN
Aortic Arch Obstruction
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110
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I
seYoN
Aortic Arch Obstruction
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p = 0.226
igure 3. Mental Development Index (MDI) and Psychomotor De-
elopment Index (PDI) scores for patients with and without aortic
rch obstruction.enetic syndrome at 1 year of age. The most common o
The Journal of Thoraciconfirmed genetic syndrome in the study cohort was chro-
osome 22q11 microdeletion syndrome. Gerdes and co-
orkers20 demonstrated a range of developmental disabili-
ies in children with the 22q11 deletion, with notable delays
n speech and language development. The authors also
howed that these disabilities were not explained by cardiac
isease or cardiac surgery. In this subset of patients with a
onfirmed or suspected genetic syndrome, lower birth
eight was an additional and independent predictor for
ower PDI scores. Although the presence of 22q11 microde-
etion syndrome and low birth weight are associated,21
ower birth weight and decreased gestational age are recog-
ized predictors of poor developmental outcome in other-
ise healthy children.22
Interestingly, MDI and PDI scores at 1 year were inde-
endent of intraoperative factors, such as cardiopulmonary
ypass and circulatory arrest time. Intraoperative variables
ave been extensively investigated for their effect on neu-
odevelopmental outcome.4,14,15,23 Duration of DHCA has
een shown to have a negative effect on IQ and develop-
ental testing scores. The effect of DHCA is most likely
onlinear, and neurodevelopmental disability is unlikely
ith shorter periods of DHCA (41 minutes).23 In our
tudy the mean duration of DHCA was 38.5 minutes, and
uration of DHCA was not a significant predictor of neu-
odevelopmental outcome. However, these results should be
nterpreted cautiously because this study was not primarily
owered to evaluate the effects of DHCA duration on
eurodevelopment.
In a large prospective trial assessing the effects of genetic
olymorphisms on neurodevelopmental disabilities after in-
ant cardiac surgery, which included the patients in this
tudy, the apolipoprotein E 2 allele was found to be pre-
ictive of lower PDI scores at 1 year of age.6 In the VSD
ohort apolipoprotein E polymorphism was not predictive
f neurodevelopmental outcome. This might also be related
o insufficient sample size to address this issue.
imitations
he results of this study should be evaluated in the context
f certain limitations. There is the possibility of selection
ias in the study because 35% of the enrolled patients did
ot return for developmental testing. The most common
eason for not returning was lack of funds. This might
ndicate a potential selection bias with regard to socioeco-
omic status. Furthermore, although comparison of baseline
nd intraoperative variables suggested that there was no
ignificant difference between those who did not return and
he study group, there was a possible trend toward longer
otal support time and total cardiopulmonary bypass time
or the nonreturning patients. Given the large variability,
hese differences did not reach statistical significance. Sec-
nd, this study was a post-hoc analysis of a subset of
and Cardiovascular Surgery ● Volume 131, Number 4 797
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Datients from a larger study population and was therefore
ot specifically powered to evaluate predictors of neurode-
elopmental outcome in patients with a VSD. Finally, neu-
odevelopmental outcome at 1 year is minimally predictive of
utcome in later life.24 Therefore only re-evaluations at older
ges can determine long-term neurodevelopmental outcome
f this patient population. Extensive neurodevelopmental
e-evaluation of this cohort is currently being performed as
he patients reach 4 years of age.
onclusions
n summary, most patients who underwent repair of a VSD
ith or without aortic arch obstruction in infancy had nor-
al neurodevelopment at 1 year of age. The presence of a
onfirmed or suspected genetic syndrome predicted worse out-
ome. Patients with these characteristics therefore should be
argeted for early intervention and support after surgical
epair. In addition, patients who undergo single-stage repair
f a VSD and aortic arch obstruction have similar neurode-
elopmental outcome to patients undergoing VSD repair
lone. On the basis of our previous work, which demon-
trated acceptable mortality after single-stage repair,5 and
he results of the current study, which suggest minimal
eurodevelopmental morbidity, we would recommend the
ingle-stage approach for moderate to large-sized VSDs and
ortic arch obstruction.
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